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Abstract 
The hydrogen evolution reaction (HER) plays a crucial role in clean energy production in 
hydrogen fuel cells. In order to utilise this process effectively, new catalysts are required that 
are cheap, non-toxic and efficient. In this context, 2D materials such as transition metal 
dichalcogenides (e.g. MoS2) should offer the desired properties but have so far proven 
difficult to manufacture into useful devices. In this work, liquid|liquid interfaces are used for 
the assembly and testing of the catalytic efficiency of a number of 2D materials and their 
composites, exploiting the ability of the materials to self-assemble at these interfaces and be 
tested electrochemically in situ. MoS2, WS2, and graphene were developed for hydrogen 
evolution at the water|1,2-dichlorobenzene (DCB) interface. The exfoliation process was 
carried out in DCB and resulted in multi-layer MoS2, few layer WS2 and graphene: when 
assembled at the water|DCB interface, these materials acted as efficient HER catalysts. HER 
was investigated using voltammetry, with bulk reaction kinetics monitored by in-situ UV-
visible spectroscopy at a constant potential. MoS2 exhibited the highest performance of the 
catalysts examined, with an average rate constant of 0.0132 ± 0.063 min
-1 
at an applied 
Galvani potential of +0.5 V. This is ascribed to the sulphur edge sites of MoS2, which are 
known to be active for hydrogen evolution predominantly.  
 
Keywords: liquid|liquid interface, Hydrogen evolution, Exfoliated transition metal 
dichalcogenides. 
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Introduction 
Two-dimensional materials (2D materials) have been widely studied over the past decade 
since the isolation of single atomic layers of graphite, known as graphene, using mechanical 
exfoliation in 2004.
[1]
 Graphene has attracted attention for a variety of potential applications. 
Following on from the successful isolation of graphene, other 2D materials have 
subsequently been reported as offering similarly promising properties: single-layered 2D 
transition metal dichalcogenides (2D TMDs) such as MoS2, MoSe2, WS2, WSe2, and TiS2, 
etc., are atomically thin semiconductor layers with the formula MX2, where M is the 
transition metal (e.g. Mo, W and Ti, etc.) and X is the chalcogen (e.g. S, Se, and Te, etc.). In 
the layered structure, one layer of TMDs consists typically of metal atoms sandwiched 
between two layers of chalcogen atoms by a covalent bond (M-X bonds); whereas the 
sandwiched layers are weakly bound by van der Waals forces thus enabling simple cleavage 
of the layers.
[2]
 Due to their crystal structures and wide range of chemical and physical 
properties, layered TMDs have attracted much interest in fundamental research and specific 
applications such as energy storage devices (e.g. Li-ion batteries, supercapacitors, fuel cells), 
or optoelectronic devices (e.g. lasers, photodetectors, light-emitting diodes (LEDs), solar 
cells), and as catalysts for the hydrogen evolution reaction (HER).
[2a, 2b, 3]
  
The latter process, in particular the electrochemical hydrogen evolution reaction 
(HER, i.e. 2H
+
 + 2e
-
 → H2), has been the focus of much activity since it requires efficient 
catalysts such as Pt, which support a high current density at low overpotentials in order to 
reduce protons easily. However, Pt catalysts are dramatically limited in large-scale 
applications because of their low abundance and high cost. Therefore, alternative 
electrocatalysts (e.g. MoS2) which behave similarly to Pt-group metals and are abundant and 
therefore available at low cost are crucial for development of future applications.
[4]
 The basis 
of the favourable exchange current density has been rationalised in terms of the Gibbs energy 
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of the metal-hydrogen bond (∆GH
*
) on the edges sites of MoS2 calculated by using density 
functional methods. The observed trend follows a “volcano” plot,[5] with a catalytic activity 
for MoS2 which is slightly below those of the Pt group metals (e.g. Pt, Pd, Rh, and Ir), which 
indicates that the increase of sulphide terminated Mo-edge are the predominant active sites 
for the HER.
[5-6]
 
The interface between two immiscible electrolyte solutions (ITIES) has been studied 
as a “soft” interface  for many applications including ion-selective sensors,[7] macromolecule 
detectors,
[8]
 and the electrochemical study of drugs partitioning at liquid|liquid interfaces.
[9]
 
The ITIES is controlled by applying a potential across the interface, known as the Galvani 
potential difference, in order to study a variety of charge transfer reactions (e.g. ion transfer, 
heterogeneous electron transfer, or proton coupled electron transfer [PCET]).
[10]
 In this 
approach, electrochemistry at the ITIES has been extended to study the HER by pumping 
protons across the interface (homogeneous mechanism), as well as adsorbing catalyst at the 
ITIES to increase the HER rate (heterogeneous mechanism) coupled with electron transfer 
from organic phase reducing agents such as cobaltocene, osmocene, and decamethylferrocene 
(DcMFc) to produce molecular hydrogen.
[3b, 11]
 The approach exploits the ability of 
liquid|liquid interfaces to assemble solid (nano-)materials such as metallic nanoparticles (0D 
or 3D), nanotubes/rods (1D), and graphene/TMDs (2D).
[12]
 Together this means that the 
electrochemistry at the ITIES is the ideal method for studying the catalytic efficiency of 2D 
materials such as TMDs towards the HER. 
Recently, a number of reports have described the modification of ITIES systems with 
nanoparticles (e.g. MoS2, MoB, WS2, and Cu2WS4), which act as catalysts for the evolution 
of hydrogen.
[4b, 11a, 13]
 In these studies, the catalysts were suspended in the aqueous phase and 
floated at the interface forming catalytic rafts. However, the uniformity of the particle 
distribution, particularly at the interface, was not clear. The materials tended to agglomerate 
10.1002/cnma.201700047ChemNanoMat
This article is protected by copyright. All rights reserved.
5 
 
close to the cell walls, which makes it difficult to distinguish between the homogeneous and 
heterogeneous mechanisms. In these studies, 1,2-dichloroethane (DCE) was generally used as 
the organic phase for HER at the interface.
[4b, 11a-c, 13-14]
 This solvent has substantial 
drawbacks such as its toxicity, flammability, and possible carcinogenic effects, which 
preclude its use in industry. Here 1,2-dichlorobenzene (DCB) is used as an alternative 
organic solvent: as well as its larger potential window (ca. 1.0 V compared to 0.70 V for 
DCE),
[15]
 DCB is less toxic and has been previously reported to be a suitable solvent for the 
liquid-phase exfoliation of 2D materials.
[16]
 For this reason, DCB was used as the organic 
phase in our catalytic experiments at the ITIES, having first been used to exfoliate and  self–
assemble the 2D materials at the water|DCB interface, which gives the uniform distribution 
of materials at the interface.
[17]
 The resultant catalytic process was assessed in this work by 
four-electrode voltammetry for the different charge transfer reactions, combined with in situ 
UV-visible spectrophotometry for the kinetic studies. Furthermore, the structures of the 
adsorbed 2D materials at the interface were characterised by Raman spectroscopy, electron 
microscopy, and optical microscopy, as a ready means to characterise the material in situ at 
the interface, in addition to ex situ characterisation via powder X-ray diffraction and X-ray 
photoelectron spectroscopy in order to study the physical/chemical interactions and the 
changes in morphology at the ITIES. 
 
Results and Discussion 
The liquid|liquid electrochemical experiments were performed using the cell shown in Figure 
1(a). Both aqueous and organic solutions were separately degassed using bath ultrasonication 
for 20 minutes followed by purging with nitrogen gas for 10 minutes. Additionally, 
preparation of the liquid|liquid interfaces from the constituent solvents was done under an 
argon atmosphere in order to avoid oxygen exposure. The electrochemical cell was placed 
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inside a beaker which was kept under a constant flow of argon gas. In all experiments, the 
organic solution is the lower (i.e. higher density) phase. The general cell conditions used are 
shown, schematically, in Figure 1. Two separate Pt counter electrodes were used, with one 
each immersed in the aqueous and organic phases and Ag/AgCl reference electrodes were 
used in each phase, connected to the main cell by Luggin capillaries.
[18]
 The surface area of 
the interface was ~0.64 cm
2
. Tetraethylammonium cation (TEA
+
, formal ion transfer 
potential = 0.116 V in DCB) was used to convert the applied potential to Galvani potential 
differences, using the tetraphenylarsonium tetraphenylborate assumption.
[19]
 
 
 
Figure 1. (a) Photograph of the water|DCB cell: RE – reference electrode (Ag/AgCl wires), 
CE – counter electrode (Pt wires). (b) Photograph of the cell, post electrolysis, with adsorbed 
MoS2 at the interface. (c) The general ITIES cell composition for the HER catalysed by 
exfoliated materials. The exact catalyst material composition is specified in each instance. 
 
 Figure 2(a) shows the dispersions of MoS2, WS2, and graphene in DCB with high 
stability of the dispersion, no aggregation over a few months was inferred from the 
appearance of the dispersion. These dispersions were investigated via their UV-visible 
pH1-3
HCl
AgCl Ag
10 mM BTPPATFPB
5 mM DcMFc
30 µg/mL 2D materials
(1.3mL)
10 mM LiCl
1 mM BTPPAClAgCl
Ag
Ref. water DCB water
2H MoS2 at 
water|DCB interface
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c)
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absorbance as shown in Figure 2(b). The excitonic absorbance peaks in the spectrum 
corresponding to the transition between band gap energy in the exfoliated flakes were 
measured as followed: 1.85 eV and 2.04 eV for MoS2, 1.98 eV for WS2 in agreement with the 
literature.
[20]
 In the case of graphene, there is no excitonic absorption between 450 and 850 
nm, but the absorbance (λmax at 660 nm) increased with the concentration because of the 
restoration of C=C bonds in graphene sheets.
[21]
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Figure 2. (a) Photographs and (b) UV-visible absorption spectra of the MoS2, WS2, and 
graphene dispersions in DCB.  
 
 The exfoliated MoS2, WS2, and graphene were filtered through 0.1 µm PTFE 
membranes and dried overnight before performing powder X-ray diffraction (PXRD) 
analysis. These exfoliated materials supported on membranes were investigated for any 
change in crystal structure after exfoliation (e.g. peak position at (002) and d-spacings) by 
PXRD. Figure 3 shows PXRD patterns of the three materials before, and after, exfoliation. 
The peak separation and the corresponding, calculated d-spacings are displayed in Table 1. It 
can be clearly seen that the calculated d-spacing of the exfoliated materials are slightly bigger 
than those of the bulk materials because of the restacking of the layered materials during 
filtration, with residual solvent trapped between layers.
[22]
 Moreover, this explanation could 
MoS2 WS2 graphene
a)
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be related to self-assembly of exfoliated materials at water|DCB interfaces that allowed 
material restacking at soft interfaces.   
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Figure 3. PXRD of the (002) peak position of the three materials as bulk materials (dashed 
line) and after exfoliation (solid line). Peak position of PTFE, 2θ = 18.11°, was used as 
reference peak position (see full PXRD in Figure S5). 
 
Table 1. Peak position (002) and calculated d-spacing for MoS2, WS2, and graphene. 
Materials Position  
of (002) reflection/° 
Calculated d-spacing /Å FWHM (2θ)/° 
 Exfoliation Bulk Exfoliation Bulk Exfoliation Bulk 
MoS2 14.42 14.45 6.14 6.13 0.36 0.05 
WS2 14.37 14.43 6.16 6.14 0.09 0.05 
Graphene 26.46 26.59 3.37 3.35 0.55 0.04 
 
 To investigate the properties of the individual exfoliated flakes, the dispersions of 
materials in DCB were deposited onto a 300 nm thick Si/SiO2 wafer by spin coating at 6000 
rpm to avoid restacking and aggregation of flakes. Those samples were then cleaned with 
acetone to remove any residual solvent. Raman spectroscopy, used as a non-destructive and 
fast characterisation method, plays a crucial role in analysing the electronic and physical 
structure of 2D materials such as the number of layers, the presence of strain, doping, and any 
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defects.
[23]
 Raman spectroscopy indicates that the exfoliated materials were predominantly 
multi- layers for MoS2, but few-layer for WS2 and graphene (see Figure S6-8). 
 Figure 4 shows the most intense Raman peaks of the exfoliated materials after transfer 
from the water|DCB interface to a Si/SiO2 wafer. The main peaks of WS2 consist of the A1g 
mode (421.7 cm
−1
), overlapping between the 2LA and E
1
2g (352.2 cm
−1
).
[24]
 The characteristic 
Raman spectral features of MoS2 are the in-plane E
1
2g (383.8 cm
−1
) and the out-of-plane A1g 
(408.6 cm
−1
), indicating multi-layer (≥6) flakes.[25] Graphene has a high intensity G band at 
1580 cm
−1
 with a shoulder peak (D' peak), D band at 1351 cm
−1
, and a low intensity 2D band 
at 2720 cm
−1
.
[26]
 Furthermore, the E2g and A1g modes in the MoS2/graphene composite 
materials were significantly red shifted by ca. 4-5 cm
−1 
compared to pure MoS2, while the D, 
G and 2D bands of graphene were at the same peak positions as the pure graphene. This may 
be a result of chemical interactions between MoS2 and graphene resulting in changes the 
electronic band structure of MoS2.
[27]
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Figure 4. Raman spectra (532 nm) of the exfoliated materials after self-assembly at the 
water|DCB interfaces deposited onto a Si/SiO2 wafer. 
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In order to study the morphology of the exfoliated 2D materials, SEM analysis was 
performed on each of the materials before and after self-assembly at the interface. The SEM 
micrographs of the three exfoliated materials on PTFE membranes are shown in Figure 5(a, c, 
and e), as well as micrographs after self-assembly in Figure 5 (b, d, and f). The flake sizes are 
in the range of 100−300 nm for MoS2 and WS2, and 500 nm for graphene, restacking 
horizontally into a ‘paper’ like structure[22] with heavy cracking and obvious wrinkles of their 
surfaces. Interestingly after self–assembly at the interface, the SEM micrographs revealed 
that MoS2 was agglomerated in the shape of bubbles at interfaces (see Figure S9), while the 
morphology of WS2 retains the flake-like structure observed prior to assembly, as illustrated 
in Figure 5(b) and (d), respectively. In addition, the graphene showed flake sizes of ca. 500 
nm agglomerated ‘edge-to-edge’ as shown in Figure 5(f). 
 
 
Figure 5. SEM images of (a) the exfoliated MoS2, (c) WS2, and (e) graphene filtered onto 
PTFE membranes and following self-assembly of (b) MoS2, (d) WS2, and (f) graphene at the 
water|DCB interface. 
 
a) c) e)
0.5 µm 1 µm 0.5 µm
b) d) f)
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XPS is commonly used to determine the composition and stoichiometry of 2D 
materials. XPS spectra of MoS2, before and after exfoliation in DCB, are shown in Figure 
6(a). The binding energies are calibrated using adventitious carbon (C 1s) at 284.8 eV and the 
atomic percentage of the peaks were determined by optimised peak fit using a nonlinear 
Shirley-type background (70% Gaussian and 30% Lorentzian line shapes) with the Kratos 
library.
[28]
 Such fitting of the Mo and S peaks in the exfoliated MoS2 gave compositions 
similar to those of the pristine samples, as shown in Figure 6(b-e). However, it can be clearly 
seen that Cl 2p peaks appeared (at ~200 eV) after exfoliation, at around 2.6 at%, which is 
attributed to chlorine from DCB interacting with Mo atoms and causing the significant 
increase seen in the binding energies of Mo 3p, ca. 3 eV (see Figure 6(b and d)). This can be 
used to confirm the presence of a new feature attributed to Cl 2p3/2 within the XPS spectrum. 
This occurs at a binding energy of 198.9 eV, which corresponds to the Mo-Cl bond as shown 
in Figure S12(a).
[29]
 Moreover, the MoSx stoichiometry, determined by atomic percentage, 
increased from MoS2.24 in bulk to MoS2.39 following exfoliation.
[30]
 This indicated that the 
exfoliated MoS2 flakes displayed more sulphur-edge. 
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Figure 6. (a) XPS scan analysis of exfoliated and bulk MoS2. High-resolution XPS spectra 
showing Mo 3p and S 2p shells of (b-c) exfoliated MoS2 and (d-e) bulk MoS2. Each of the 
fitting peaks is labelled with the corresponding orbital, as well as the binding energy in 
parentheses. Black solid line, red dot line, and other colours are background, raw data, and 
fitting peaks, respectively. 
 
 The potential windows for cyclic voltammetry performed at the polarised liquid|liquid 
interfaces are limited by the transfer of supporting electrolyte ions, which in this case was 
BTPPATFPB (see Figure S1-2). To avoid interference from the oxygen reduction reaction 
(ORR), all electrochemistry was carried out under an argon atmosphere. The proton transfer 
reaction at the water|DCB interface was studied in the absence and presence of MoS2 without 
DcMFc as shown in Figure 7(a-b), respectively. Both systems indicated that the HER onset 
10.1002/cnma.201700047ChemNanoMat
This article is protected by copyright. All rights reserved.
13 
 
potential at each pH shifted by 60 mV/pH in accordance with the Nernst equation.
[13b, 31]
 
Interestingly, the onset potential in the presence of the interfacial MoS2 was shifted to more 
negative potentials by ca. 20 mV, as well as the high current density seen at potential of 0.1 V 
(~7 µA cm
-2
) compared with blank (~3 µA cm
-2
) at the same pH. This may be due to the 
presence of the interfacial MoS2, which leads to a greater surface area (due to the effective 
increase in roughness of the liquid|liquid interface), which results in more proton transfer at a 
given potential. In order to produce hydrogen gas, DcMFc was added to the organic phase to 
act as a reducing agent for the aqueous protons, via: 
 
2DcMFc (DCB)   +   2H
+
 (aq)                2DcMFc
+
 (DCB)   + H2 (g)      (Eq. 1) 
 
Interfacial MoS2 appears to catalyse the HER,
[4b, 13b]
 as shown in Figure 7(c), and 
evidenced by the absence of a return proton transfer peak compared with the case where only 
DcMFc is present, which exhibited a reverse voltammetric peak, associated with the (partial) 
return of the protons to the aqueous phase. Also, the onset potential was shifted to more 
negative potentials by ca. 40 mV in the presence of MoS2 at the interface (see inset table in 
Figure 7(c)). Figure 7(d) shows the onset potential of HER catalysed by MoS2 at different 
aqueous phase pH values, with a shift of ca. 60 mV/pH, demonstrating that aqueous protons 
are involved in the voltammetric response.
[13b]
 In addition, voltage sweep rate studies of 
interfacial MoS2 are illustrated for the HER at pH 1 in Figure 8. The dependence of current 
on the square root of sweep rate indicate that the kinetics of the proton coupled electron 
transfer (PCET) process were controlled by diffusion of DcMFc to the reaction site on the 
interfacial MoS2
[13a]
 (see inset in Figure 8). WS2 and graphene were examined as HER 
catalysts for comparison with MoS2, their morphologies at the interfaces are shown in Figure 
S9. The other materials did not perform HER as well as MoS2 at the water|DCB interface 
because reverse peaks, associated with proton return transfer, were observed in the CVs. 
Interfacial catalyst 
10.1002/cnma.201700047ChemNanoMat
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During electrochemical measurements the films appeared to be stable with respect to 
agglomeration, as has been noted for similar interfacial assemblies prepared using the organic 
phase dispersion route adopted here.
[12b, 17]
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Figure 7. Cyclic voltammetry (CVs) of the proton transfer at water|DCB interfaces under 
argon: (a) in absence of MoS2 and (b) with MoS2 adsorbed at the interface, in both cases 
without reducing agent (DcMFc). (c) HER catalysed by MoS2 (red solid line) compared to 
without catalyst (blue dot line), without DcMFc (green dash line) and blank (black dash dot 
line), as well as onset potential of each CVs at pH 1. (d) CVs of HER catalysed by MoS2 at 
pH 1-3 with onset potential. All CVs were performed at a scan rate of 50 mV/s. 
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Figure 8. Scan rate studies: voltammetric response from 20-220 mV/s for HER in the 
presence of both DcMFc and MoS2 at pH 1. Inset: plot of current density (j) versus the square 
root of the scan rate (v) at Δ
w
o
 φ= 0.28 V (i.e. at HER onset potential) from lowest to highest 
scan rate. 
 
 The kinetics of the biphasic HER, in the presence and absence of interfacial catalysts, 
can be precisely studied by monitoring the evolution of the DcMFc
+
 peak (λmax = 779 nm) in 
the organic phase over time, using UV-visible spectroscopy.
13
 These experiments were 
carried out in situ under an argon atmosphere using chronoamperometry to step the Galvani 
potential to ~0.53 V for 100 mins with constant stirring. Figure 9 shows the formation of 
hydrogen gas at the ITIES, in the absence and presence of a catalyst, as a function of time. 
The production of hydrogen is evident from the formation of bubbles at the ITIES. In spite of 
their catalytic function, hydrogen bubbles were observed apparently beneath the interfacial 
MoS2, because coalesced bubbles was unable to penetrate through the interfacial MoS2 film 
as shown in Figure 9(b). 
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Figure 9.  Hydrogen bubbles at (a) the clear ITIES without catalyst and (b) with interfacial 
MoS2 during application of a ca. ~0.53 V potential for 100 mins. 
 
In addition, Figure 10(a) shows a kinetic analysis of the HER catalysed by MoS2, 
WS2, graphene, and their composites at the ITIES, compared to the no-catalyst case. The 
inset in Figure 10(a) shows a liquid|liquid cell with interfacial MoS2 before and after applying 
a Galvani potential difference of +0.53 V for 100 mins. The amount of hydrogen gas was 
estimated from the concentration of DcMFc
+
 produced using the stoichiometric reaction (Eq. 
1) as shown in Figure 10(b). The rate of HER, v, from Eq. 1 can be written as in the form 
stated in Eq. 2. 
 
v =   
        
  
 =  
  
 
 
  
 =         
 
 
  
 = +2 
     
  
  (Eq. 2) 
 
Then, the generic rate law of HER catalysed by MoS2, WS2, and graphene is given by Eq. 3; 
 
Rate = k                  (Eq. 3) 
 
where x and y are reaction orders. Then, y is 0 (independent of proton concentration) when 
[H
+
] > 1 mM,
[4b, 13a]
 whereas x is assumed to be one, i.e. first-order kinetics prevail in the 
25 mins 40 mins 45 mins 50 mins
70 mins 80 mins 100 mins
MoS2
b)a)
After 100 mins60 mins
H2(g)
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presence of interfacial MoS2
[4b, 13b]
  and WS2
[13c]
. Therefore, the rate of reaction for the HER 
catalysed by MoS2, WS2 and, graphene can be approximated as a pseudo-first order process:  
 
v = k[DcMFc] =   
        
  
    (Eq. 4) 
 
where k is the rate constant of the HER. Then, the integrated rate law is stated as shown in 
Eq. 5. 
 
  
        
                  
 = kt     (Eq. 5) 
 
where [DcMFc]0 is the initial concentration of DcMFc in DCB and [DcMFc
+
]t is the 
concentration of DcMFc
+
 at time t. Figure 11(a) shows UV-visible spectra for the oxidation 
of DcMFc (yellow solution with λmax = 425nm) to DcMFc
+
 (green solution with λmax = 779 
nm) in the presence of the interfacial MoS2 associated with the production of hydrogen gas. 
Moreover, rate constants were calculated by fitting the data with Eq. 5 as illustrated in Figure 
11(b). Table 2 shows the average rate constants of the HER catalysed by interfacial MoS2, 
WS2, graphene, and composites, in comparison with the “blank” system. It is clear that 
interfacial MoS2 provides a catalytic effect towards the HER, with a rate constant 
approximately 3 times that of the blank. This is attributed to an abundance of active edge 
sites and the high specific surface area of MoS2
[14, 32]
 at the water|DCB interface. The reaction 
scheme of the biphasic HER with interfacial MoS2 at polarised water|DCB is shown in 
Scheme 1. This reaction might be attributed to proton coupled electron transfer (PCET) by 
protons adsorbed on the interfacial MoS2 surface with the rapid electron transfer from 
DcMFc rapidly as a heterogeneous process
[13a, 14]
 hence the absence of a return proton peak in 
the CV (see Figure 7(c)).  
10.1002/cnma.201700047ChemNanoMat
This article is protected by copyright. All rights reserved.
18 
 
Moreover, interfacial-adsorbed graphene is able to act as a catalyst as reported 
recently by Toth et al.
[11e, 33]
 because of the ability of graphene to pool electrons taken from 
the reducing agent (DcMFc) and its ability to increase effective reaction cross-section, due to 
its high conductivity, meaning it acts as a conduit for heterogeneous electron transfer across 
the ITIES.
[17]
 For these reasons, it was expected that the combination of MoS2 and graphene 
support would act synergistically and thus improve the catalytic activity, as reported by the 
Girault group who noted an improvement in the catalytic effect of MoS2
[4b]
 and Mo2C
[13a]
 
using conductive carbon substrates, toward HER at the ITIES. Surprisingly, it was found that 
the MoS2/graphene composites used here gave a more modest enhancement of the HER than 
the pure MoS2 (18% drop in rate). This apparent deleterious effect of graphene on the 
catalytic performance of MoS2 appears to follow the proportions used to form the films. This 
suggests that the observed response is a direct combination of the performance of the 
individual materials rather than an enhancement through the amalgamation of the materials. 
One possible explanation for this is the obstruction of the active edge sites of MoS2 by 
the graphene flakes, which detrimentally affects the rate of HER at the ITIES. The exfoliated 
MoS2 in this work gave an HER rate constant which was substantially lower (more than a 
factor of 10 lower) than the value reported by Ge et al.
[4b]
 for HER at the ITIES, who used a 
slightly greater mass of exfoliated MoS2. One factor behind the lower rate constant observed 
in this case is that the reactions were performed at a lower driving force, an applied Galvani 
potential (referenced to the TEA
+
 scale) of +0.53 V was used to perform HER, whereas Ge et 
al.
[4b]
 used a Galvani potential controlled by the distribution of a common ion of +0.67 V. 
This difference in overpotential for the interfacial HER can be corrected from knowledge of 
the Tafel slope of HER on MoS2. A variety of values have been reported, depending on the 
phase and basal:edge ratio of MoS2, but using the Tafel slope of 60 mV decade
−1
, as reported 
by Jaramillo et al.
[6]
 as representative means that the lower applied Galvani potential used 
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here should correspond to a 220-fold reduction in HER, compared to the value reported by 
Ge et al.
[4b]
 In fact the observation that the rate on exfoliated MoS2 is only twenty times lower 
than rate constant reported by Ge et al.
[4b]
 suggests that the interfacially-adsorbed material is 
more active than the aqueous dispersion used by Ge et al.
[4b]
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Figure 10. (a) Kinetics of the biphasic HER using chronoamperometry at ~0.53 V in the 
presence and absence of interfacial catalysts followed by monitoring the increasing DcMFc
+
 
concentration (λmax = 779 nm) over 100 mins. (b) Hydrogen evolution estimated from 
DcMFc
+
 concentration as a function of time with polynomial fits. 
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Figure 11. (a) UV-visible absorbance spectra of 5mM DcMFc (black solid line) and 3.6 mM 
DcMFc
+
 in DCB before and after applying potential for 100 minutes with the interfacial 
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MoS2, respectively. (b) Determination of the rate constant (slope = k /min
-1
) by plotting the 
integrated rate law against with time (20-80min) for the biphasic HER in the absence and 
presence of catalysts, representing first order reactions. 
 
 
Table 2. Calculated average rate constants (k /min
-1
) of the interfacial catalysts for the HER 
in the presence and absence catalysts. 
 
Catalysts average k /min
-1
 k/kblank 
MoS2 0.0132 ± 0.063 3.0 
3:1 MoS2/graphene 0.0108 ± 0.022 2.5 
1:1 MoS2/graphene 0.0077 ± 0.028 1.8 
WS2 0.0058 ± 0.015 1.3 
graphene 0.0053 ± 0.003 1.2 
blank (no catalyst) 0.0044 ± 0.001 1.0 
Note: all rate constants were averaged from the three repeated experiments. 
 
 
 
Scheme 1. The mechanism of the biphasic hydrogen evolution reaction in the presence of the 
exfoliated MoS2 at the water|DCB interface. Δ
w
o
 φ is the Galvani potential difference between 
the water and DCB phases against with the standard hydrogen electrode (SHE).
[15]
 The 
aqueous and organic phases are coloured blue and yellow, respectively. 
2DcMFc+
2DcMFc
2H+
H2
Interfacial MoS2
water
1,2-DCB
> 0.68 V
(vs SHE)
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Conclusions 
In the work reported here, MoS2, WS2, graphene were utilised as 2D materials for 
hydrogen evolution at water|DCB interfaces. The materials were exfoliated in DCB which 
resulted in structures of multi-layer (≥6) MoS2, or few-layer flakes for WS2 and graphene. 
The flake size following exfoliation was measured in the range of a few hundred nanometres 
for MoS2 and WS2, and ca. 500 nm for graphene. The MoS2, WS2, and MoS2/graphene 
composites are shown to catalyse the reduction of aqueous protons to molecular hydrogen, 
using DcMFc as an organic phase electron donor, at the ITIES. From the kinetic studies, the 
interfacial MoS2 showed the highest rate constant, of 0.0132 min
-1
, a value estimated to be 
around 3 times higher than the sample in the absence of a catalyst at the same applied 
potential difference. This is attributed to the increase of the number of sulphur edge sites on 
the MoS2 that are reactive toward hydrogen evolution predominantly, corresponding to higher 
sulphur excess of the exfoliated MoS2 as determined via XPS. 
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